We employ the simplest possible models of scalar-fermion interactions that are consistent with the gauge symmetries of the Standard Model and permit no proton decay to analyze the connections possible among processes that break baryon number by two units. In this context we show how the observation of n-n oscillations and of a pattern of particular nucleon-antinucleon conversion processes -all accessible through e-d scattering -namely, selecting from e − p → e +p , e − p →nν, e − n →pν, and e − n → e −n would reveal that the decay π − π − → e − e − must occur also. This latter process is the leading contribution to neutrinoless double beta decay in nuclei mediated by new short-distance physics, in contrast to that mediated by light Majorana neutrino exchange. The inferred existence of π − π − → e − e − would also reveal the Majorana nature of the neutrino, though the absence of this inference would not preclude it. Introduction. The quantity baryon number (B) -lepton number (L), B-L, is exactly conserved in the Standard Model (SM), so that the observation of B-L violation would reveal the existence of new physics. In this letter we consider the possibility of the discovery of the B-L violation within the realm of the strong interactions and the quark sector -and its broader implications. We focus particularly on processes that break baryon number by two units because proton decay, or, more generally, processes with |∆B| = 1, are not only unobserved but also have exceptionally strong empirical limits on their non-existence [1]. Moreover, as long known, the newphysics origins of |∆B| = 1 and |∆B| = 2 processes can be completely distinct [2] [3] [4] .
The prospect of B-L violation is often discussed in the context of the fundamental nature of the neutrino; its violation would both make the |∆L| = 2 process of neutrinoless double beta (0νββ) decay possible and give the neutrino a Majorana mass [5] [6] [7] , revealing that the neutrino can be regarded as its own antiparticle [8] . General parametrizations of the decay rate are associated with the long-range exchange of a light Majorana neutrino [9] [10] [11] , or through a short-range process mediated by new B-L violating dynamics at roughly the TeV scale [12] . The nuclear matrix elements, which are needed to interpret 0νββ experiments, differ considerably in the two cases [9, [12] [13] [14] [15] . Systematic analyses of the possible operators of 0νββ decay [16] [17] [18] [19] and of the associated decay topologies [18] , and of the decay rate within chiral effective theory [20] [21] [22] exist. The short-range mechanism is captured by π − π − → e − e − [23] at leading order in hadron chiral effective theory [24] , and the size of the associated hadronic matrix element has recently been computed in lattice QCD [25] . We believe that insight on the mechanisms of 0νββ decay can be gleaned through the study of B-L violation in the quark sector, as it is the short-distance mechanism that can connect B-L violation with quarks to that with leptons.
The empirical study of |∆B| = 2 processes has traditionally been associated with the search for n −n oscillations with free or bound nucleons [2, [26] [27] [28] and dinucleon decay in nuclei [4, [29] [30] [31] [32] [33] [34] . Recently we have proposed the study of n −n conversion [35, 36] , which, in contrast to n −n oscillation, would not be spontaneous but mediated by an external source. In this letter we discuss the connections between these possibilities in the context of simple models of B and B-L violation. Motivated by "minimal" models for connectors to new hidden sectors [37, 38] , we introduce new scalar gauge bosons whose interactions are of mass dimension 3 and 4, so that the new interactions can be added to the SM in a theoretically consistent way. Scalar-fermion interactions in such models that respect the gauge symmetries of the SM have been studied in some detail [4, 39, 40] . In the current case our interest is in the models that permit |∆B| = 2 transitions without proton decay, and indeed in those that do not allow any |∆B| = 1 transitions at tree level. Possible models along these lines have been constructed by Arnold, Fornal, and Wise [4] . Interestingly we note that a slight variant of these models can be used to generate a |∆L| = 2 transition as well, particularly, that of π − π − → e − e − , whose existence drives the appearance of 0νβ β decay if mediated by new shortdistance physics [24] . Thus in what follows we consider not only how particular n −n oscillation and conversion processes can appear in these models, but we also show how such models can give rise to 0νββ decay in nucleiand we consider the interconnections between them. Particularly, we discuss how possible patterns of discovery of |∆B| = 2 processes can reveal whether the short-distance dynamics that could give rise to π − π − → e − e − can be shown to exist. In contrast, Babu and Mohapatra have shown that in the case of the SO(10) grand unified theory -and independently from the expected existence of the SM sphaleron -that if n −n oscillations and a |∆B| = 1 process were observed to occur that one could also con- 
clude the existence of a Majorana neutrino [41] . Here we note that such a connection can be demonstrated without requiring the observation of proton decay, or indeed of any |∆B| = 1 process.
Minimal scalar models with baryon number violation but no proton decay. The minimal scalar models that give rise to |∆B| = 2 and not |∆B| = 1 processes while respecting SM gauge symmetries contain either three or four scalar interactions. Following Refs. [4, 39, 40, 42] we consider all the interactions permitted by Lorentz and SU(3) c ×SU(2) L ×U(1) Y gauge symmetry. Models for processes with both |∆B| = 1, 2 have been constructed [4, 40, 42, 43] , though in this paper we follow Ref. [4] . The particular scalars that allow B or L violation to appear but do not admit |∆B| = 1 processes at tree level are enumerated in Table I . We have also noted the schematic interactions of the scalars X i to right-handed leptons and quarks of generation a as e a and u a , d a and to left-handed leptons and quarks as L a and Q a , respectively. The symmetries of the scalar representations under color SU(3) and/or weak isospin SU(2) can fix the symmetry of the associated coupling constant under a, b interchange, and we have noted that as well in Table I the relation g ab i = ±g ba i indicates S(+) or A(−), respectively, and "-" denotes no interchange symmetry. We note that X 9 cannot generate a B and/or L violating interaction of mass dimension four or less, so that we do not consider it further, and that interactions denoted by "A" cannot involve only first-generation fermions.
In what follows we extend the models of Ref. [4] to include the possibility of |∆L| = 2 processes as well. That earlier work focused on the possibility of |∆B| = 2 processes without proton decay as mediated by interactions of the form X 2 1 X 2 or X 3 1 X 2 , where X 1 and X 2 are distinct scalars, because it turns out not to be possible to TABLE II. Minimal interactions that break B and/or L from scalars Xi that do not permit |∆B| = 1 interactions at tree level, indicated schematically, with the Hermitian conjugate implied. Interactions labelled M1-M9 appear in models 1-9 of Ref. [4] . Interactions A-G possess |∆L| = 2, |∆B| = 0. M19, M20, and M21 follow from M8, M17, and M18 under X7 → X6, respectively, but they do not involve firstgeneration fermions only.
add just one scalar and achieve that end. Here we enumerate all the possible B and/or L violating interactions that appear in mass dimension of four or less without regard to the number of different scalars that can appear.
With three different scalars we can produce |∆L| = 2 processes that also couple to quarks, and we study the connections between |∆B| = 2 and |∆L| = 2 processes explicitly. We begin by fleshing out the precise interactions indicated in Table I . Specifically, the possible scalar-fermion interactions mediated by each X i are
where ε = iτ 2 is a totally antisymmetric tensor,
, and τ A are Pauli matrices with A ∈ 1, 2, 3. We note ετ A was used in place of ξ A in Ref. [4] , but that choice couples a single component of the scalar weak triplet to fermion states of differing total electric charge, incurring couplings that break electric charge conservation. The Greek indices are color labels, and we employ the SU(3) notation of Ref. [44] for fundamental and complex conjugate representations. We adopt 2-spinors such that the fermion products in parentheses are Lorentz invariant, and we map to 4-spinors [45] .
Possible baryon-number and/or lepton-number violating processes. We now turn to the possible minimal scalar interactions that mediate either baryon and/or lepton number violation but conserve SM gauge symmetries.
The possible interactions, including as many as four distinct scalars, are enumerated in Table II . The models labelled M1-M9 are those of Models 1-9, respectively, in Ref. [4] . A particular model contains terms that couple the scalars to fermions and terms that couple the scalars to each other. We find we must modify the scalar self-couplings of M2 and M7 in order to maintain electric charge conservation for each term of the scalar selfinteraction. Rather than recapitulate M1-M9 we simply summarize the detailed versions of the scalar forms enumerated in Table II , noting Hermitian conjugation is implied:
and the noted weak singlets follow from SU(2) ClebschGordon coefficients [1] , as, e.g., in
] .
Turning to the |∆L| = 2 models in Table II , we find
whereas for the remaining baryon-number-violating models, we have
and Hermitian conjugation is implied throughout. Models with X 2 and X 6 couple to leptons and quarks of different generations. Only models M1, M2, and M3 can produce n−n oscillations, though these models do not generate all the low-energy effective operators expected if SM gauge symmetry holds [36, 46, 47] . In particular, we find that M1 yields the operator (O 2 ) RRR , M2 [46, 47] , but it is not generated in the minimal scalar-fermion models we consider.
Only models A, B, and C can produce
decay, though B and C can also yield a weak isospin triplet of |∆L| = 2 processes. These models all correspond to the second case of decay topology "T-II-3" in Ref. [18] , as that decomposition considers the scalars' electric and color charge only. [24] . Phenomenology. The models of Table II reveal a rich array of possible |∆B| = 2 and |∆L| = 2 processes. We enumerate some of the more experimentally accessible ones in Table III . The scattering-mediated |∆B| = 2 processes, which we term "conversion" modes, need not break B-L, as shown. Other models show additional features. Models D and E support π − π 0 → e − ν µ,τ and Connecting |∆B| = 2 to |∆L| = 2 processes with new physics. The scalar-fermion models that yield n −n oscillations can differ in just one scalar from models that generate |∆L| = 2 processes and indeed 0νββ decay. We now discuss how an observed pattern of baryon-numberviolating conversion modes, all accessible through e-d scattering, can determine both the n −n model and whether such an additional scalar exists. To distin-TABLE III. Suite of |∆B| = 2 and |∆L| = 2 processes generated by the models of Table II , focusing on states with first-generation matter. The ( * ) superscript indicates that a weak isospin triplet of |∆L| = 2 processes can appear, namely π 0 π 0 → νν and π − π 0 → e − ν. Models M7, M11, M14, and M16 also support νn →nν, revealing that cosmic ray neutrinos could potentially mediate a |∆B| = 2 effect.
guish the possibilities, detecting both the appearance of an antinucleon and the electric charge of a final-state charged lepton is necessary. For context, we note that M3 has scalar content X 7 X 7 X 8 but A has
, that M1 has X 5 X 5 X 7 but D has X 5 X † 7 X 2 -and finally that C has X 3 X 8 X †
.
If n −n oscillation occurs, then e − n → e −n can appear also, if the mediating operator is not (O 1 ) RRR [36] . Thus the latter process acts as a diagnostic of the possible n−n model. Possible patterns of |∆B| = 2 discovery are shown for the different n −n models in Table IV . For example, observing a n −n oscillation and the process e − p → e +p in the absence of e − n → e − n and e − p →ν Xn would point to model M3 and the existence of X 1 . Thus model A should also exist because there would be no reason that it should not. In contrast, observing a n −n oscillation and e − n → e − n would reveal that either M2 or M1 operate. If e − p →ν Xn and e − p → e +p are also both observed, then it would point to the existence of X 3 and thus models M2 and B. However, if e − p → e +p were instead absent, this would point to the existence of X 2 and thus models M3 and D. Note that the various model possibilities cannot combine to show that only X 8 exists, even if the noted |∆B| = 2 processes are observed, so that we cannot show that model C operates. The observed patterns would establish the existence of |∆L| = 2 processes from new short-distance physics, but the connections we argue would not exclude the latter possibility if no |∆B| = 2 processes were observed. The connections we consider exist regardless of whether the neutrino also has a Dirac mass. Note that if ν R fields existed in the low-energy theory, not only could the neutrino have a Dirac mass, but the X 6 scalar could also induce proton decay. Thus this possibility would rule out models M4, M9, M19-M21, but they are not pertinent to our arguments. We also note that independent constraints on X 7 and X 8 can be had from studies of KK and DD mixing, respectively. Thus the discovery of new physics in DD mixing could also help anchor evidence for Model C and 0νββ decay from new short-distance physics.
Observability. The non-observation of n −n oscil- 
lations [48, 49] can be interpreted as a limit on the neutron's Majorana mass of 2 × 10 −33 GeV at 90% CL [49] , with greatly improved sensitivity anticipated at a new experiment proposed for the European Spallation Source [50] . Such limits do not preclude the observation of processes associated with the dimension-12 operators we have considered, because different scalars can have different masses. The scalar self-interactions we consider do not select a particular mass scale; rather, the allowed masses and couplings should be determined from experiment, as in hidden-sector searches [51] . Existing collider constraints on color-sextet scalars (of O(500 GeV) with O(1) couplings) come from studies of t-quark final states [52] [53] [54] [55] , and flavor-physics constraints, while more severe, also involve second-and third-generation quarkscalar couplings [4, [56] [57] [58] [59] . Models that support e − p → e +p have low-energy operators whose quark parts correspond to those found in n −n oscillations under u ↔ d exchange. Exploiting this and a MIT bag model [60, 61] computation of n|(O 1 ) RRR |n [46, 62] ab (6) in model M8 for an electron beam energy of 155 MeV with a fixed target [63] . A broad range of possible scalar masses and couplings exists. Summary. We have considered different physical processes that could reveal |∆B| = 2 violation, both n −n oscillation and conversion, and we have considered their interrelationships within minimal scalar-fermion models that support |∆B| = 2 processes without proton decay. In this context, we have shown how their patterns of observation could be used to infer the existence of a |∆L| = 2 process, 0νββ decay in nuclei, speaking to the Majorana nature of the neutrino and to new dynamics at accessible energy scales.
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